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ABSTRACT 
The objective of this dissertation is to present micro bubble generation with micro 
watt power using carbon nanotubes heating elements and transportation of the micro 
bubbles generated by carbon nanotubes in the micro channel. Dielectrophoretic force is 
used to form C N T s between micro metal electrodes. The contact of the metal 
electrodes and the C N T s is fixed by a thin film of Si〇2. The localized heat 
generated by C N T s is provided by a D C current which induces a temperature 
increase due to resistive heating. The bubble diameter grows as the transduction of 
electrical energy into Joule-heating occurs continuously across the C N T heater. W e 
conducted experimental and theoretical analysis to estimate the surface temperature 
of the C N T heater when bubble generation occurs. Our experiments showed that 
the instantaneous power required to generate bubbles was lower than 〜llOjiW and 
total input energy could be as small as 0.3〜5mJ. Also, the maximum diameter of 
the heat-generated bubbles is around 400|im and the speed of the expansion of the 
diameter is controllable. From the dynamic characteristic of micro bubbles generated 
by the C N T heater, the diameter control of micro bubbles in the micro channel, the 
micro bubble transportation and the departure of the micro bubbles from the C N T heater 
by pulsed current stimulation are presented. Polydimethylsiloxane (PDMS), after 
fabricating micro channels with it, is bonded to the silicon substrate by oxygen plasma to 
fabricate a micro channel device. In our research, we used injected water (20®C) to 
i 
control the diameter of the micro bubbles. Furthermore, w e observed the movement of 
vapor bubbles along the micro channel by aqueous flow. The instantaneous power 
consumption for bubble generation in micro channels is higher than that in a static 
droplet of water, but it stays below 275|liW. From the micro bubble departure 
experiment, w e observed that the micro bubbles have a vibrating response by pulsed 
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In recent years, Micro Electro Mechanical Systems ( M E M S ) devices have already 
become mature industrial products while the nano-scopic materials, by virtue of their 
novel material properties, are drawing more and more research interest. The Carbon 
Nanotube (CNT), based on its unique heat transfer characteristics, is used as the micro 
heater to generate micro thermal bubbles in this dissertation. 
1.1 The Thermal Characteristic of the CNT Heater 
The Carbon Nanotube is a very unique material for heat transfer. Before a C N T 
heater was used as the micro heater material, we studied its thermal stability properties. 
Using a programmable chamber, the CNTs sensitivity to temperature and humidity 
change is studied first. 
As a heater, the surface temperature of the CNTs needs to be known at a given input 
power. The stable and repeatable properties of the C N T s sensitivity help in the 
estimation of the temperature required for fast and efficient micro bubble generation. 
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1.2 CNT-Based Micro Bubble Generation in a Static 
Droplet of Water 
The redundant heat generated by electrical devices limits their stability in application. 
In this case, more efficient heat dissipation is considered more and more necessary. 
Previous researchers have proved the effectiveness of heat dissipation to be the boiling 
heat transfer in liquid. Some scholars proposed boiling heat transfer to improve heat 
dissipation of semi-conduct chips [1]. According to other groups' research, the 
temperature distribution and variation inside the bubble generated by boiling could 
indicate system acceleration (e.g. bubble-based micro accelerometer [2]). Furthermore, 
the boiling phenomenon with bubble growth has already been applied to drive 
mechanical parts in M E M S devices (e.g. thermal bubble ink-jet printer [3], bubble 
micro-actuators [4]，and bubble powered pumping and valve effects [5]). Due to these 
useful applications in mechanics and heat transfer aspects, we believe it is worthwhile to 
investigate the micro bubble generator, especially with Carbon Nanotube (CNT) heating 
elements. 
In Table 1, we summarize the usage of micro heaters for bubble generation that have 
been studied by various groups in recent years. Different heating elements (e.g. Pt and 
polysilicon) were used as the heating source and nucleation site. For example, 
polysilicon was used as the heater by Jr.-H. Tai and L. Lin [6]. Then, Pt was formed to 
make a non-uniform and strip heater by P. Deng et al., [7] [8], The sizes of heaters have 
also become increasingly small. In the past five years, the dimensions of heaters went 
from 〜lOOjLimxlOjLim to 〜l|Limx0.5|im. A typical l)imx0.5)Lim Pt heater consumed 
- 2 -
〜1.3mW for bubble generation, as demonstrated by P. Deng et al., [7]. As C N T s show 
very unique characteristics of heat transfer, our motivation in this research endeavour is 
to see whether bubbles can be generated by lower instantaneous power input using 
CNTs. Our group already demonstrated the possibility of generating thermal bubbles 
using C N T s in 2006 [9] with 〜0.4mW instantaneous power input. In this paper we will 
show that with an improved fabrication process, the instantaneous power input 
requirement could be reduced further. Extensive experiments and results are also 
performed to understand the CNT-based bubble generation process. 
Research Group Year Input Signal Power Material& Dimension of Heater 
Consumption Resistance of 
Heater 
Jr.-H. Tsai&L.Lin， April 2002 DC Minimum Polysilicon lOOfimby 10|im 
University ofMichigan& 187.3mW 300Q 
U.C. Berkeley [6] 
P.Deng，etal.， April 2003 AC Non-uniform heater Pt 7^jnby3fm 
Hong Kong University of (pulse 28,lmW 1.64^ /^sq. 
Sci.andTech.[7] widtlF strip heater 40^byl0[mi 
1.66ms) iso.lmW 
P.Deng，etal.， March AC Submicron heater Pt 0.5funbyl[im 
Hong Kong University of 2006 (pulse 1.3mW 1.64fi/sq. 
Sci.andTech.[8l widtli= Micron heater ZOfimbylO譯& 
1.66ms) 38.5mW 200譯 by 70 譯 
Wenli Zhou，et al., JanuaryAC Minimum CNT 5胖by 
The Chinese University 2006 (lOOHz) 0.337mW 250 kQ 
of Hong Kong [9] 
Table 1: Comparison of power consumptions of various micro heaters 
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1.3 CNT-Based Micro Bubble Transportation in a 
Micro Channel 
As the carbon nanotube heater showed the characteristic of ultra low instantaneous 
power consumption for micro bubble generation in a static droplet of water in our 
previous research [10] [11], we began by focusing on the dynamic properties of micro 
bubbles generated by the C N T heater. From other groups' work, (e.g. the growth and 
shrinking of micro bubble actuator in ssDNA solution [12], micropump [13], ultrasound 
(US) in combination with contrast micro bubbles to alter the permeability of cell 
membranes without affecting cell viability [14], electrostatic micromanipulation of 
bubbles for microreactor application [15] and micro bubble mediated delivery of 
microspheres to muscle [16]), we noticed that these intriguing and useful applications of 
micro bubble generation and transportation promise us a perspective for the study on the 
movement of micro bubbles, especially with new material heaters and low power 
consumption. 
1.4 CNT-Based Micro Bubble Stimulation by Pulsed 
Current 
After the micro channel bubble transportation experiment could be implemented well, 
another method which could accelerate the departure of the micro bubbles from the 
- 4 -
micro heater was also carried out. In order to protect the micro channel from the high 
pressure induced by the high velocity flow, a pulsed current was used to improve the 
micro bubble departure from the generation site with relatively small horizontal force. 
Furthermore, we expected to observe whether the pulsed current would bring a new 
phenomenon when the work integral of the pulsed current equals that of the constant 
current. 
Through the research of adjusting the magnitude of the current input, the offset value 
to the ground, the frequency of the pulsed current and the duty cycle, the micro bubbles 




THE THERMAL CHARACTERISTICS OF 
CARBON NANOTUBES 
In this chapter, the thermal characteristics of our C N T heater are presented. Using a 
programmable chamber, the environmental temperature (e.g. 0°C~100''C) and humidity 
(e.g. Qo/o〜lOQo/o) can be completely controlled. In this case, the Temperature Coefficient 
of Resistance (TCR) and the Humidity Coefficient of Resistance (HCR) are deduced. 
Based on these two basic observances of our typical C N T heater, its thermal 
characteristics corresponding to the variation of the environmental temperature and 
humidity can be better understood. Also the experimental results will benefit the 
estimation of the surface temperature of our typical C N T heater. 
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Fig. 1-1: The programmable chamber with temperature and humidity control 
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2.1 Temperature Coefficient of Resistance (TCR) of 
Our Typical CNT Heater 
Before the test of the T C R on the CNT-based sensor, I will clarify the fabrication of 
the C N T sensor first. After detracting by ultrasonic sound for nearly one hour, the C N T 
solution of 20% concentration is deposited on the micro heater. The CNTs are 
distributed between the metal electrodes by D E P force. The voltage for deposition is 
+8V〜-8V, I M H z [17]. Before we did the experiment on micro bubble generation using 
C N T s as the heating element, we needed to do some preparatory work which could 
roughly prove whether our typical C N T heater could have a stable and fast response to 
temperature and whether the induced current could stimulate a high temperature on the 
surface of the CNTs. The T C R experiment allowed us to obtain strong evidence that not 
only could the C N T heater allow a fast linear response to the variation of the 
temperature, but also the temperature stimulated by the induced current could be above 
the boiling point of water which makes heat bubble generation possible. 
After the C N T heater was put into the chamber (Fig. 2-1), the whole environment 
inside the chamber could only be controlled by its program. The C N T heater was 
connected to an outside source meter which could provide constant current input which 
could also transmit the input current and output voltage to a computer every 0.7 seconds. 
The hole on the chamber through which the C N T heater connected to the source meter 
was sealed to guarantee that the inside environment would not be affected by outside 
temperature variations. 
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Fig. 2-2: Simulated program of the temperature variation inside the chamber 
In order to check whether the C N T heater had a stable response characteristic for a 
long duration and for the accurateness of experimental data collection, we put the 
sample of C N T heater in a programmable chamber. The temperature was set to go from 
0。C to 100。。and back to 0。C with 10°C as the interval. The temperature of the chamber 
would remain at each value for 40 minutes, by which time the environment would stay 
more stable. Our data collection equipment collected the resistance of the C N T heater 
every 0.7 seconds from the source meter. The CNTs，resistance represented every 
temperature interval was the mean value of nearly 3,400 pieces of data which could be 
more convincing when there is disturbance noise. When the temperature varied, we set 
the humidity to stay at 20% as a constant value; meanwhile the constant current input 
was set at l^a. In this case, we believe that the resistance change of the C N T heater was 
caused by the induced variation of the temperature change. 
First, the non-linear resistance shift of our typical C N T s will be introduced. As we 
know, resistance is supposed to be a constant value theoretically which will not be 
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affected by the input current and voltage. But in reality, every conductor or non-
conductor has its own non-linear shift of resistance, i.e. the value of the resistance will 
change depending on the value of induced current or voltage. In Fig. 2-3, the non-linear 
shift of our C N T heater is plotted for further research. 
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Fig. 2-3: I-V characteristics and non-linear shift of resistance as a function of instantaneous power input 
From the inset figure above, we note that the lower line indicates the Ohm's law 
prediction and upper line indicates the experimental value. As the input voltage 
increases, the phenomenon of non-linearity becomes more obvious. Finally, since the 
electrical power of the C N T heater was calculated by the percentage of the non-
linear variation of the C N T heater was plotted corresponding to the instantaneous power 
input. 
Based on the non-linear shift resistance of our typical C N T heater, we performed 
various tests on the T C R by various current inputs on the same sample. In most of our - 9 -
experiments, the input currents are limited to under 200|ia to protect the C N T heater 
from burning out. W e tested the T C R in the programmable chamber with 7 different 
current inputs. 
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Fig. 2-4: The TCR of the typical CNTs with various current inputs 
From the figure above, we observe that different values of the current inputs could 
affect the resistance of our typical C N T heater. And for the same sample, the lower the 
current input, the higher its resistance responses. Furthermore, one important 
phenomenon and characteristic of CNTs is that no matter how much current you use 
(below its safe current), the resistance of the C N T heater keeps nearly the same slope 
corresponding to the variation of the environmental temperature. The good linear quality 
of C N T s is promising for the research on its sensing and thermal applications. 
After we did the T C R tests with the same sample under various current inputs, we 
also did more tests to check the stability of some other C N T heaters. In the figure below, 
we could also observe that CNTs have shown as good performance as the previous one. 
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Fig. 2-5: The TCR of the typical CNT heater with various current inputs 
From previous experiments, the stable linear properties of C N T s have been proved. 
Furthermore, the repeatability of the C N T heater will be confirmed in the following 
paragraph. With the constant current input (e.g. l|ia), the program presented runs 8 
times. The whole operation would continue for 4 days and the sample would go through 
this duration test. The experimental results show that the C N T heater showed stable 
T C R characteristics during this test of long duration. It stays at nearly the same initial 
resistance value and the slope of the resistance variation corresponds to the repeated 
environmental change (Fig. 2-6). 
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Fig. 2-6: The TCR of atypical CNT heater with the same current input for a long time 
From the figure above, we observe that this cycling test could be used to prove the 
stability and repeatability of the C N T heater. Even if there is some shift in the value of 
the resistance, the initial value and slope of the variation stay nearly the same. Based on 
the experiment of the T C R tests, we believe that C N T s could stimulate a high 
temperature to be used as the heater; meanwhile the surface temperature could be 
estimated based on the slope of the typical CNTs. 
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2.2 The Humidity Coefficient of the Resistance (HCR) 
for Our Typical CNT Heater 
As the objective of the project is micro bubble generation with a C N T heating 
element device in a droplet of water or in a micro channel full of water, we also wanted 
to test the humidity influence on the C N T heater. Although the bubble generation device 
will be fully immersed into the DI water, to study the properties of the CNTs, we carried 
out this experiment in relation to the H C R tests with a constant environmental 
temperature. 
In this test, we set the constant temperature of the programmable chamber (e.g. SO^ 'C); 
while the humidity was allowed to vary from 20% to 90% back to 20% with 10% as the 
interval. The three diagrams below show the results for the C N T heater. 
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Fig: 2-7: V' cycle for the HCR of the typical CNT heater (I=100|ia) 
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From the test results shown above, the C N T heater does not show a repeatable 
response to humidity variation as was present during the variation of environmental 
temperature. However, from the increase and decrease of humidity plots, we could 
observe that they have the same sign of slope, but the initial value and slope value of the 
H C R are totally different. W e analyze the unrepeatability of the C N T heater in relation 
to the humidity decrease change as being due to the different sensing medium. In the 
temperature sensing experiment, the resistance of the C N T heater is influenced by the 
environmental temperature change. If the air inside the experimental chamber becomes 
warmer or cooler, this temperature change affects the CNTs' resistance characteristics 
directly. For the humidity sensing experiment, we can observe that during the humidity 
percentage increase, the C N T heater shows a relatively linear resistive response to the 
humidity change. However, it does not show good repeatability of the resistive response 
when the humidity goes back from 90% to 20%. In the following experimental results, 
the resistance of the C N T s does not show any obvious response to humidity decrease. 
When the humidity goes from 20% to 90%, the C N T heater is influenced by the increase 
of vapour suspended in the surrounding air. When the humidity reaches 90%, there will 
be lots of vapour attached to the C N T heater. If there is no effective method to evaporate 
the vapour which is attached to the heater, we believe that the C N T heater will not show 
good linear response when the humidity drops back to 20% (i.e. for instance, when the 
environment humidity goes back to 50%, it does not mean that the vapour density on the 
heater is 50% either due to the lack of evaporation). And this analysis can also be 
confirmed by the following experiment in which the interval time of every humidity step 
is extended: the sensing constant current is increased from lOOua to 200ua, and the 
- 1 4 -
constant temperature is set from 20''C to SO^ 'C. A detailed explanation combined with a 
figure will be presented in the next section. 
If the sensor does not have a repeatable response, it is hard to be used as a sensor. 
Furthermore, we did the following experiments the same as we did for the first sensor. 
In these duration fatigue tests, one important phenomenon we found is that the sensor 
could be linearly sensitive to the increase of humidity of the environment. But when the 
humidity decreases, the sensor cannot measure the environmental variation accurately. 
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Fig. 2-8: 2nd cycle for the HCR of the typical CNT heater (I=100|aa) 
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Fig. 2-9: 3rd cycle for the HCR of the typical CNT heater (I=100|aa) 
In order to confirm our experimental results, a C N T heater is used to run the same 
experimental process as for the C N T heater. 
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Fig. 2-10: The HCR of the 2"^ * typical CNT heater (I=100|ia) 
Although the initial resistance of the sample is different from that of the 
sample, they show the same regulation of the H C R . As I analyzed the non-repeatability 
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of the C N T heater to the humidity sensing characteristic in the previous paragraph, some 
improvement to its humidity sensitivity was produced and the results confirm our 
analysis of the failure of humidity sensing. 
In the experiment on the sample, some parameters were modified. The constant 
current was increased from lOOua to 200ua. The experimental temperature was set from 
20。C to 50OC. These two approaches helped to accelerate the evaporation of the vapour 
attached to the C N T s when the humidity dropped. Meanwhile, the time interval between 
every humidity step increased from 20 minutes to 40 minutes, for which the C N T heater 
will present stable responses when the environment stays in a stable condition for a 
relatively long time. 
The figure below fully proves that if the parameters are set to the new values, the 
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Fig. 2-11: The HCR of the typical CNT heater with improved parameters (I=200|ia) 
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Based on the H C R presented in the figures above, we could summarize some rules 
about the CNTs’ sensitivity to variations in humidity. Although the C N T sensor could 
linearly respond to humidity changes, the repeatability was not stable. In order to 
improve its response, a relatively large current input which could accelerate evaporation 
of vapour attached to the C N T s and a relatively stable condition (i.e. longer experiment 
time) is needed. So we concluded that the C N T sensor has a slow response to 
environmental humidity variation. 
2.3 The Conclusion of the CNT Heater's Thermal and 
Humidity Characteristics 
After the experiments on the sensitivity of CNTs, we believed that the C N T heater 
was suitable for micro bubble generation. Furthermore, based on its stable response to 
temperature, we believed that the surface temperature of the C N T heater could be 
accurately estimated by measuring the change in its resistance. 
The temperature sensing characteristic was stable and repeatable during our T C R 
experiments. The linear trends of the T C R curve show that it is suitable for sensor 
application. As to its humidity sensing characteristics, the C N T heater may show a better 
response after some parameters are improved. But it is not ideal for humidity sensing 
with a fast response. 
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CHAPTER THREE 
MICRO BUBBLE GENERATION WITH 
MICRO WATT POWER USING CARBON 
NANOTUBE HEATING ELEMENTS 
In this chapter, micro bubble generation with C N T heating elements in a droplet of 
water will be presented. Five sections: micro electrode fabrication, the micro bubble 
generation experimental procedure, the theoretical analysis of bubble generation 
temperature of the C N T heater, the micro bubble generation experimental results 
analysis and the conclusion of micro bubble generation in the static droplet of water 
constitute the body of this chapter. 
3.1 Micro Electrode Fabrication 
In our C N T heater research, electrode fabrication is a very important step. In order to 
control the gap distance between the electrodes for C N T deposition and the precision of 
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Si02 coverage by alignment of photolithography, the M E M S method for producing 
micro structures, e.g. bulk micromachining and surface micromachining are in 
widespread use. For the bulk micromachining method, single-crystal silicon is 
lithographically patterned with silicon etching to fabricate various structures on the 
silicon chip surface. But the surface micromachining method could provide an additive 
method by which other semiconductor-type material could be attached on the surface to 
form different architectures using a sputter or e-beam machine. For our C N T heater and 
sensor, the surface micromachining method is used to fabricate the metal electrodes. 
3.1.1 Methods for Metal Electrode Fabrication 
For the metal electrode fabrication, two methods exist: one is lift off 
photolithography fabrication; the other is non-lift off photolithography fabrication. 
For lift off photolithography, photo resistant (PR) material is patterned on the silicon 
substrate first. Then the metal films are sputtered on the patterned PR material. After 
using acetone to wash away the PR material which is sandwiched between the metal 
films and silicon substrate, the metal which is attached to the PR material will be washed 
away at the same time. Finally, the metal electrodes which are attached to the silicon 
substrate will be left on the silicon chips. The detailed process of photolithography is 
presented in Fig. 3-1. 
However, the non-lift off process is based on the converse sequence of fabrication. In 
the non-lift off process, the metal films are sputtered onto the substrate, and then the PR 
material is spun on the metal surface to pattern the electrodes. The PR is used to protect 
the metal under the pattern, so after metal etching by various metal etchants, the 
patterned electrodes are left. After the protective PR material is washed away with 
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acetone, the fabrication of the metal electrodes is complete. These two processes have 
their own advantages and disadvantages. Selection of fabrication process is based on the 
experimental requirements. 
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Fig. 3-1: The comparison of fabrication process between lift off photolithography and non-lift off 
photolithography 
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3.1.2 Advantages and Disadvantages of Two Micro 
Fabrication Methods 
A summary of the advantages and disadvantages of the micro fabrication methods 
was retrieved from m y own lab experience. Although, we could find lots of theoretical 
comparisons between the lift off and non-lift off process in text books involving M E M S 
fabrication, here m y own lab experience summary will be mostly based on our 
experimental environment and the experimental apparatus. 
If the silicon substrate is used as the sample ship, I would prefer to use the lift off 
process because after the metal films are deposited by the e-beam machine, what I need 
to do is simply remove the PR with acetone. The advantage of acetone etching is that the 
acetone itself does not etch any metallic materials, so after we put the chips in the 
acetone, we do not need to worry much about the etching time. Conversely, the non-lift 
off method has some serious problems in controlling the etching time. In the fabrication 
figure shown previously, in the non-lift off process, the PR material spun on the metal 
films is used to protect the metal pattern under it. For example, for non-lift off metal 
electrode fabrication, gold etching is used to etch the patterned gold film and chrome 
etching is used to etch the patterned chrome film. As already stated, the PR material can 
only protect the vertical etching; it cannot protect the metal electrodes from cross-
etching. So the etching speed and etching time are very important. Sometimes, small 
structures will be damaged by over etching. Fig. 3-2 below presents a detailed 
explanation of cross-etching. 
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Fig. 3-2: The cross-etching that occurs in the non-lift off fabrication process 
However, the lift off cannot benefit all the fabrication requirements. For instance, if 
small structures are about to be fabricated on a glass substrate, the PR material cannot be 
attached to the glass well (i.e. the PR pattern cannot be formed on the glass, so the non-
lift off fabrication process will be more suitable). 
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3.1.3 The Fabrication of Micro Electrodes for Our CNT 
Heater 
C N T s are formed between the microelectrodes and used as a heater and nucleation 
site for bubble generation. The conceptual illustration picture is presented in Fig. 3-3. 
The detailed fabrication process of a C N T heater is shown in Fig. 3-4. Silicon wafer is 
used as the substrate, and sputtered Cr (0.05um) and Au (0.35um) films are used to 
fabricate the electrodes. The CNTs are M W C N T bundles (diameter 10-30nm, length 1-
Shenzhen Nanotech Port Co. Ltd., China). The gap between the electrodes is 7 
microns, which allows the formation of the CNTs by DEP force (-8V 〜+8V peak to peak, 
IMHz) [17]. In order to improve the contact of CNTs on the electrodes, a thin Si〇2 film 
(0.1 Sum) is used to fix the CNTs and the electrodes [18] (Fig. 3-5). The SiC^ also serves 
as an insulation film to prevent contact between the metal and DI water. 
‘ Bubble and CNTs J y " 、’、” 
厂 � / / � “ \ 
All electrodes \ 
DI water cTfSpISr^-^：：^-- ^ ^ ^ ^ � 
Fig. 3-3: Conceptual illustration of the CNT heater device 
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Fig. 3-4: Fabrication process of the CNT Heater, (a) Metal deposition of Cr/Au. (b) Define electrodes by 
standard lithographic process, (c) CNTs formation by DEP. (d) Spin on PR and photolithographically 
define PR to cover CNTs. (e) Deposit SiOz and define SiOj by lift-off. 
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W e note here that the Si02 helps to improve the contact between the CNTs and the 
gold electrodes. In previous experiments without the Si02, we found that external 
disturbance caused by convection destroys the connection between the CNTs and 
electrodes. Also, the non-conductor SiCb is a good insulator which helps concentrate the 
heat on the C N T heater and prevents micro bubbles being generated on the surface of the 
metal electrodes. 
Fig. 3-5： SEM picture of a CNT heater with fabricated SiOz using the process illustrated in Fig. 3-3. 
3.1.4 The Mask Design for Metal Electrode Fabrication 
The figure below shows the mask design for the photolithography experiments. From 
zoom out photos of the whole mask, we could observe that the chrome mask can be 
accurate to the sub-micron level by which the micron-scaled metal electrodes can be 
fabricated well. The gap distances on the mask are designed to be 5|im, l\xm and 10|am. 
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3.2 The Micro Bubble Generation Experimental 
Procedure 
3.2.1 Initial Analysis of the Experimental Device 
The I-V curve of the typical C N T heating elements was first recorded to understand 
the heating power characteristics of the micro heaters (Fig. 2-3). As the instantaneous 
power input increases, the non-linear shift of the resistance (RTCR%) increases 
simultaneously. From Fig. 2-3, nearly 19% non-linear shift of resistance occurs when the 
power input is 90)liW. After testing a typical C N T heater seven times in a programmable 
environment chamber, the initial value and slope of Temperature Coefficient of 
Resistance (TCR) remained stable (Fig. 3-7). Therefore, the typical C N T heating 
elements (resistor) present a linear relationship between its resistance and environmental 
temperature. Hence, the temperature of a C N T heater at a given input power could be 
estimated by extrapolating from the non-linear shift of resistance versus temperature 
relationship as given in Fig. 3-7. 
- 2 8 -
12| I I 1 1 1 
I 
I 
y = 0.088*x+ 0.85 ！ I ； ! 
1 0 - + 一 1 ^ ^ 
！ I I I ! 
I I I 丨 I Z'z X 
1 8 — — — … … … … ― 二 … … ; … … 
C 丨 I I 丨 Z 
S ； ： ： 
2 6 Linpar fit ] � _ _ 广^：^了^；^^^；^^^"^ ： 
0 / ： ： ： 
i 4 / 〜 - ？ ^ ^ ： ^ ^ … 」 ： 
J5 / : ： ‘ ‘ I -- data1 
^ / ； ： ： ； — linear 
1 2 ： ：- T- data2 _ 
^ / ^；^^ ： ： ； ； 。 二 
1 I . . I data 4 
\ \ \ \ — … d a t a 5 
0 - - - 十 -； 1 r 十 - data 6 一 
； ; ； ； ； data 7 
. 2 ' 1 I I 1 ！ 
-20 0 20 40 60 80 100 
Temperature(C) 
Fig. 3-7: Temperature coefficient of a typical CNT resistor (i.e. RrcR%=0.088x7+0.85) 
Then, the C N T heating elements were covered by a hemispheric shaped droplet of 
water with a diameter of 1,500-2,000)LLm (25°C, l A T M ) to allow bubble generation in 
static conditions (Fig. 3-8). Once the current is input, the whole process was recorded by 
a video camera at 30frames/sec. If no bubble was generated, the current input was 
increased by 3|jA intervals until a bubble was observed between the electrodes. A source 
meter was used to generate the operating current to activate the C N T heater, and the 
CNTs' resistance was recorded every 0.7 seconds by computer via its digital port. The 
video of the bubble generation process with the timeline and the resistance variation 
across the heater could then be analyzed synchronously. 
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Fig. 3-8: Static droplet of DI water on a pair of electrodes and the CNT heating elements 
The resistance of C N T s between the electrodes is typically in the range of hundreds 
of kOhms. Large localized heat dissipation generated by the C N T heater is due to its 
large resistance. In our experiment, the resistance of the C N T heater and equation of 
t f 2 
work integral (i.e. W = X ^ - \qU 乂 K)dt) can be used to determine the initial current 
t=0 
input required for bubble generation. For instance, based on the |uW power requirement 
for bubble generation, if the resistance of a C N T heater is in the range of hundreds of 
kOhms (e.g. 400k〇hms), the initial current input should be set to 10|j.A to prevent the 
C N T heater from being burnt out. Exorbitant amounts of current input may actually burn 
out the C N T heating elements in an instant. In a later section, we will present an S E M 
picture and an E D X diagram showing the ingredients of a burnt out C N T heater when 
the input current is excessive. 
To estimate the temperature (T) across a C N T heater at an input electrical power, 
the T C R of the C N T s used in our experiments were obtained (e.g. Fig. 3-7). 
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RTCR%=0.088 X TCQ + 0.85, (1) 
with RTCR% defined as: 
RTCR%=R而l-yhm�slaw O/O (2) 
Kreal 
A 〜190/0 change of RTCR^ in Fig. 2-3 is approximately equal to an estimated 
temperature change of 209®C, which is achieved using an input power of 〜90|iW. 
Although C N T s are known to have non-linear T C R s at higher temperatures, this 
quick analysis proves that the C N T heater's temperature is indeed above lOO^C, 
which is required to generate thermal bubbles. 
3.3 Theoretical Analysis of Bubble Generation 
Temperature on the CNT Heater 
Traditionally, the volume ratio between the centimetre-scaled heating source and the 
micron-scaled thermal bubble is very large (e.g. Vheatmgsource/Vbubbie〜=104), which allows 
the heating source to provide hundreds of cavities for bubble generation. However, the 
volume ratio between the nanotube heater and micron-scaled bubble is very small (e.g. 
Vcnt/Vbubbie〜=10-3). Then, since it is impossible to find ideal liquid and ideal substrate 
without any particles or bubble-based cavities, the impurity of the experimental liquid is 
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taken into consideration. Due to the differences of volume ratio and impurity of bubble 
generation medium, we set up three assumptions for theoretical analysis for the C N T 
heating elements. First, the C N T heater is supposed to be a point heating source 
macroscopically, by which no boundary condition of the heater will be taken into 
consideration. Second, DI water is used as the experimental medium liquid. Third, the 
C N T s are distributed uniformly between the metal electrodes, by which we suppose the 
distribution of heat dissipation is uniform too. 
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Fig. 3-9: The relationship between temperature ratio and pressure ratio of water (Van der Waals & 
Berthlot diagram, Eberhart & Schnyders 1973 [19]. Van der Waals line represents the relationship for 
ideal water in theoretical analysis) 
For theoretical estimation of micro bubble temperature in the ideal liquid, there exists 
a Van der Waals line representing a relationship between the pressure ratio: Pr=Pi/Pc 
and the corresponding temperature ratio: Tr=Ti/Tc with boiling water from the Van der 
Waals & Berthlot diagram (Fig. 3-9) [19]. In order to deduce the boiling temperature of 
a micro bubble, from the thermal property table for water [20], the pressure of water at 
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the critical point is Pc=22.12MPa, the temperature of water at the critical point is 
7;=647.3K (374.I5OC) and the experimental pressure P p l A T M are presented. Based on 
尸广/yPc=4.58xlO-3, we observed the corresponding temperature ratio 7；二0.85 on the 
Van der Waals line. Here the impurity coefficient a referred to in the previous paragraph 
was used. So, from 7；=7)/7；, the thermal micro bubble generation temperature T丨 equals 
r,x 7；二550K (277'C). 
By estimating the surface temperature of the C N T heater from the Van der Waals line, 
the equilibrium radius (r,) of the bubble-based cavity can be deduced for comparison 
with the S E M picture of the C N T heater. Carey (1992) used the Gibbs-Duhem relation 
to induce the equilibrium radius for thermal bubble generation [21]. The equilibrium 
radius of the nucleation site is the theoretical possibility of the minimum radius of the 
nucleation site (i.e. if the radius of a nucleation site is less than the equilibrium radius at 
boiling point, it is not possible to generate a thermal bubble). From [21], the equilibrium 
radius is given as: 
= , (3) 
at TITC, where cr=20.1mNWis the surface tension of ideal water, Psat(Ti)=5.9AM?d, is 
the saturation pressure, v/=0.001332mVkg/is the specific volume of water , /^/=1ATM is 
liquid pressure and i?=8.314J/(Kxmol) which is the gas constant [20]. 
So from Eq. 3,7〜=6.7nm. 
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From the S E M picture (Fig. 3-5) of the micro bubble generator with C N T heating 
elements, we observed that there existed some cavities with a radius bigger than 42nm 
which provides sufficient conditions for bubble generation. 
Now, from the estimation temperature of bubble generation {Tj), we can deduce an 
equilibrium radius (rj. Conversely, the deduced equilibrium radius is used to double-
check the boiling temperature by the thermal bubble equilibrium equation: 
Pv=Pi+2ct 〜 , (4) 
where 尸v=6.07MPa is the pressure of vapour in the bubble and P/二 l A T M is the pressure 
of liquid surrounding the bubble. Here we note that the equilibrium radius of the bubble-
based cavity is supposed to be the initial radius of the thermal bubble. Because the 
pressure (6.07MPa) of the saturated vapour has a corresponding temperature, we could 
estimate the temperature of vapour inside the bubble with this equilibrium radius which 
is 548K (275°C). 
The difference between the Van der Waals & Berthlot diagram estimated temperature 
and equilibrium radius deduced temperature is nearly 2K (2®C). So, we believe that the 
bubble generation temperature by the C N T micro heater is about 200°C which matches 
well with Eq. 1 deduced from the T C R calculation by a typical C N T heater. Hence, this 
is proof that the temperature immediately around the C N T heater for bubble generation 
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is above the boiling point of water at one atmosphere of pressure, and such a high 
temperature should be able to stimulate boiling on or surrounding the C N T heater. 
3.3 The Analysis of the Micro Bubble Generation 
Experimental results 
The bubble generation process is recorded by a high speed camera (see Fig. 3-10&3-
12). Before a bubble is generated, the C N T heater stores enough energy within a period 
of time to complete the phase change phenomenon. The time between the current input 
and bubble generation depends on the current and resistance of C N T s between the 
electrodes. 
In this thesis, two samples with detailed video pictures, schematic diagram of power 
consumption and work integral are shown for the bubble generation analysis. The initial 
resistance of the first sample is 85kOhms and the second is 156kOhms. The bubble 
generation current inputs are both 25fiA. It takes 60.68s and 14.71s respectively for 
them to generate visible bubbles, corresponding to a work integral of 0.006J and 
0.00214J, respectively. The power consumption of these two samples is 87)j,W and 
112|aW, respectively (see Fig. 3-11&3-13). 
W e note here that in other research work (see Table 1), various groups have reduced 
the bubble generation power requirement by improving the heater material, heater size 
and shape, and the fabrication process. In our current work, we have shown that the 
C N T heater requires the least amount of energy input compared with materials used by 
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others, i.e. Pt and polysilicon. The most obvious difference between these materials is 
their resistance. SinceP = P xR, the C N T heater could induce large amounts of heat in 
a relatively short time and localized area. So the efficiency of C N T heater is higher than 
other materials. 
At the beginning of the bubble formation, the speed of bubble growth is fast. From 
Fig. 6 and 8，it takes 4.62s and 3.80s respectively for the bubble to grow to a diameter of 
nearly 60 microns. Then the growth rate is slowed down. That is because the surface 
tension becomes larger as the diameter of the bubble grows. The bubble growth needs 
more energy to support it. Usually, if the current input is suspended, the growth will stop. 
Another reason could be the domination of viscous force of DI water on the micro scale. 
This indicates that when the diameter of a bubble reaches 60〜100 microns, a bubble 
needs more vapour force to overcome the viscous force. 
From the power consumption curves of both diagrams, a relatively big change occurs 
on or a little before bubble generation. AsP = xR and with constant current input, 
this actually is the resistance change during bubble generation. After the liquid turns into 
vapour inside the bubble, the total resistance of media changes from liquid + CNT to 
liquid + vapor + CNT . The resistance of DI water vapour is larger than that of DI water 
liquid. Also, before bubble generation, the heat transfer in the droplet is by natural 
convection. The localized heat flows upwards with the liquid while the cool liquid flows 
to the surroundings of the C N T heater. Once a bubble is generated, the heat transfer 
turns to be forced by convection and multi-phase flow. In that case, the two procedures 
require more energy input. This can explain the jump in power change when a bubble 
appears. 
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Fig. 3-10: Time-sequence photos of a bubble generated by a CNT heater (current input=25ua; initial 
resistance~=85KI2) 
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Fig. 3-11: Instantaneous power variation and work integral across a CNT heater (initial resistance is 
~85kOhm) as a bubble is generated. (Power is calculated by P=IV, where I is set to 25 |iA, while V is 
increased versus time.) 
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Fig. 3-12: Time-sequence photos of a bubble generated by a CNT heater (current input=25ua; initial 
resistance〜二 156kQ) 
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Fig. 3-13: Power variation and work integral across a CNT heater (initial resistance is ~156kOhm) as a 
bubble is generated. (Power is calculated by P=IV, where I is set to 25 |ia) 
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After analysis of various C N T heaters with detailed videos, other experimental 
results are also shown as below. The current input, initial resistances, time for 
bubble generation are varied. W e have observed the following results from this 
experimental work. Referring to Fig. 3-14&3-15, the bubble generation time is at 
48s and 17s, which is because their resistance is different. Also, an obvious power 
consumption jump happens around the bubble generation time. Another conclusive 
statement is that the higher the C N T resistance, the quicker the bubble generation 
(Fig. 3-16), i.e. a smaller work-integral is required. This is because greater 
localized heat makes the phase change faster. These experiments have also shown 
the maximum power consumption for bubble generation using the C N T heaters we 
have fabricated is 1 13|j,W, and the work integral is around 0.3〜5mJ. After bubble 
generation, the resistance keeps increasing slowly or stays within a stable range. 
This indicates that main power consumption is induced by phase change and 
different heat transfer phenomena. 
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Fig. 3-14: Power variation across the CNT heater as a bubble is generated on different samples 
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In order to prevent the circuit from burning out, in the first step of the bubble 
generation experiment, the current input is usually suspended for around 5 seconds after 
bubble generation. As a basic trend of instantaneous power jump depicted in Fig. 3-15, if 
the bubble diameter can grow to a relatively large value (i.e.〜400|im) (Fig. 3-17), when 
comparing with previous experiments, some relationships of diameter with time and 
work integral for its growth are observed (Fig. 3-18). From the relationship of work 
integral and the diameter of a growing bubble, the first 8 seconds is the period in which 
the bubble grows fastest in the whole process. And after 15〜20 seconds' growth, the 
speed of inflation slows down. When the diameter of the bubble reaches 〜400^im, it 
stops growing due to the burning out of the C N T heater. From the S E M picture and 
ingredients analysis of burnt out C N T heater by Energy Dispersive X-ray Spectrometry 
(EDX) (Fig. 3-19), we observed that the formation of C N T s has changed a lot compared 
with that in Fig. 3-19. The burnt out CNTs are in the form of a bundle shaped compound 
in which the ingredient is not simple carbon but carbide. Oxygen and silicon become the 
most part of the whole C N T heater. Furthermore, from the formation of the burnt out 
CNTs, it convinced us that the temperature on the C N T heater surface in bubble 
generation could be as high as we estimated previously. 
Due to the redundant heat accumulation, a C N T heater generating a large bubble will 
be easily burnt out. Mostly, in order to protect the heating element, we would suspend 
the current input when the diameter of a bubble approaches 150)Lim. 
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Fig. 3-17: Time sequence photos of a bubble growth with the diameter from 0 to nearly 400 microns 
(current input=25|ia; initial resistance^ 122kOhm) 
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Fig. 3-18: Relationship between the diameter of a bubble and work integral during its growth process; the 
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Fig. 3-19: Scanning Electron Microscope (SEM) picture and ingredients analysis of the burnt out CNT 
heater by Energy Dispersive X-ray Spectrometry (EDX) 
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3.4 The Conclusion of Bubble Generation in a Static 
Droplet of Water 
With improvement of the fabrication process based on our prior work, the bubble 
generation using C N T heaters can now be very repeatable and require less input power. 
From the experimental analysis, the instantaneous power consumption is under 1 13|liW 
and work integral is around 0.3〜5mJ. The work integral curve presents an inverse 
relationship with initial resistance (Fig. 3-15). It could also be observed from S E M 
pictures of the burnt out C N T heater that it will be more secure to control the input 
current and the time of bubble growth because of its non-repeatability after being burnt 
out. Furthermore, the analysis of the C N T s burnt out residue indicates that the surface 
temperature of the nucleation site during bubble generation is so high that the carbon 
element changes into carbide. 
As bubble generation can be achieved well by a single pair of electrodes, multi-
digitated electrodes and pulsed circuit will be used in the future to explore various 
applications of C N T generated bubbles. In addition, based on our experimental research 
with a static droplet of DI water, the dynamic micro channel offers a promising future 
research avenue on the bubble transportation process. 
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CHAPTER FOUR 
CARBON NANOTUBE-BASED MICRO 
BUBBLE GENERATION IN A MICRO 
CHANNEL WITH DYNAMIC FLUID 
In this chapter, the dynamic characteristics of a micro bubble generated by a C N T 
heater is presented based on our previous study of micro bubble generation using carbon 
nanotube (CNT) heating elements with micro-watt power input in a static droplet of 
water. Diameter control, the transportation and the departure of the micro bubble from 
the C N T heater by pulsed current stimulation have been investigated. In our research, a 
micro channel was formed by Polydimethylsiloxane (PDMS) being bonded to a silicon 
substrate by oxygen plasma to fabricate a micro channel integrated C N T sensing device. 
W e used the injected DI water (〜20。C) to control the diameter of the micro bubble. 
Furthermore, the movement of a vapour bubble along the micro channel by aqueous 
flow was observed. The instantaneous power consumption of the bubble generation in 
the micro channel was higher than that in the static droplet of water, but it still kept 
below 275)aW. During the micro bubble departure experiments, the micro bubble 
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exhibited shaky responses while activating the C N T heater by pulsed current input, 
which helped the departure of the micro bubble from the generation site. With merits of 
low power consumption, controllable diameter and the capability of dynamic 
transportation, the micro bubble generated by the C N T heater in the micro channel is 
promising for applications in the future such as micro manipulation and micro 
transportation. 
4.1 Micro Channel Fabrication 
Micro channel fabrication has been successfully manipulated on the glass substrate 
by other group members. Since I needed to use the Si〇2 as the insulation layer for 
improving the contact between the CNTs and the metal electrodes, I had to use silicon as 
the experimental substrate. In m y previous attempts, the glass substrate was not suitable 
for the lift off process for electrode fabrication and Si02 film. Based on the S E M photo 
showing the alignment of the Si〇2, we had to avoid cross-etching occurring in the non-
lift off process. The fabrication of a silicon chip-based micro channel will be presented 
below. 
4.1.1 Rapid Prototyping 
W e chose the P M M A as the mould material and the P D M S as the micro channel 
material (Fig. 4-1). Then the pattern of fabrication was performed based on the rapid 
prototyping method. The basic principle is similar as for the metal electrode. But there 
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existed some differences in rapid prototyping. Firstly, the mask is made of transparent 
plastic paper which is more economical and less time-consuming. The pattern is formed 
by a negative-tone U V photo resistant SU-8 (MicroChem Corporation N a n o T M SU-
2075, Newton, M A ) on the P M M A substrates. Secondly the mould fabricated by the 
rapid prototyping method makes the mould repeatable and reusable. In our experience, if 
we used the micro channel in the cleaning room, and we tried to avoid polluting the 
surface of the P M M A , the mould could be used 10-20 times. Finally the P M M A 
substrate with the SU-8 structure was used as the mould to form the micro channel of 
P D M S . One other characteristic of the transparency mask is its low resolution (>20um). 
^ ^ ^ 聽 ‘ 多 r . ‘ . ‘ 
以 , ： 一 
Fig. 4-1: The PMMA mould of the micro channel 
4.1.2 PDMS Moulding 
To cast a thick P D M S layer, the mould P M M A was put in a container and the P D M S 
prepolymer mixture was poured into the container (Fig. 4-2). When we mixed the P D M S 
prepolymer, a lot of air bubbles merged into the mixture. So the container with the liquid 
P D M S is put in a vacuum chamber for bubbles to escape. Since no bubbles were 
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observed in the P D M S prepolymer, the container was put into the oven at 80。C for 2 
hours (Fig. 4-3). 
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Fig. 4-2: The schematic process of the micro channel fabrication 
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Fig. 4-3: The PDMS moulding of the micro channel with PMMA substrate 
4.1.3 Irreversible Sealing 
Moulding provides a P D M S replica that contains three of four walls necessary for 
enclosed channels. Sealing the replica to a flat surface provides the fourth wall. And the 
sealing method contains reversible and irreversible aspects. Reversible sealing occurs 
because P D M S is flexible and it can attach to the P M M A surface based on the van der 
Waals force. Simply peeling the P D M S off the surface would break the reversible seal. 
But reversible sealing can only provide low pressure resistance. 
For irreversible sealing, P D M S comprises repeating units of-0-Si(CH3)2-. Exposing 
the P D M S replica to air plasma induces polar groups on the surface (Fig. 4-4). The 
principle is because the plasma makes the group (Si-OH) at the expense of methyl group 
(Si-CH3). For P D M S and glass, this reaction yields Si-O-Si bonds after loss of water 
[22]. Based on the chemical reaction bonding, any attempts to break the seal will result 
in the failure of the P D M S and the bonded glass. The irreversible sealing could 
withstand pressures of 30〜50psi, based on which the relative high pressure flow could 
be inducted into the micro channel (Fig. 4-5). 
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Fig. 4-4: Oxygen plasma machine 
Fig. 4-5: Irreversible sealing of the micro channel with silicon substrate 
4.1.4 Mask Design 
In m y previous statement, the chrome and transparency masks are both used in the 
electrodes and micro channel fabrication. The mask design is based on the experiment's 
requirement and the experimental cost. By the C A D software L-edit, the whole design is 
firstly sketched with high resolution (0.5um). The attached picture shows the 
transparency mask for micro channel fabrication (Fig. 4-6). 
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Fig. 4-6: The transparency mask with various widths for micro channel fabrication (width from 200|um to 
l,600|am) 
4.2 Experimental Setup 
In our experiments, Au microelectrodes were fabricated on the silicon substrate using 
sputtered Cr thin film as the adhesion layer. The C N T connection was formed between 
the micro electrodes and was used as the heating elements for bubble generation. The 
C N T s we used were multiwalled carbon nanotube ( M W C N T ) bundles (diameter: 10-
30nm, length: l-5|um; Shenzhen Nanotech Port Co. Ltd., China). The gap between a pair 
of electrodes is 7|Lim. The nanotubes twisted to form C N T chains between the micro 
electrodes by D E P force (-8V〜+8V, peak to peak, IMHz) [8]. In order to improve the 
contact of the C N T s on the electrodes, we used an aligned Si〇2 thin film (0.15|Lim) to fix 
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the C N T s to the electrodes [1]. The SiO] also served as an insulation film to protect 
the metal electrodes from DI water, as shown in Fig. 3-5. 
Polydimethylsiloxane (PDMS) was used to fabricate micro channels with various 
widths (e.g. 400|im, 800陣，1200 )L im, etc.). The 3D conceptual illustration of the micro 
bubble transportation device is shown in Fig. 4-7. It was noticed that the high velocity 
flow of injection would cause high pressure in the micro channel. Therefore, silicon 
substrate and the P D M S micro channel were irreversibly bonded using oxygen plasma 
(Forward power: 60W, Treating time: 20s) [22]. The bonded device is shown in Fig. 4-8 
and the irreversible sealing could withstand 30kPa of pressure. W e intended to fit as 
many parallel electrodes in the micro channel as possible, because once the micro 
channel device was fabricated, the silicon chip and the moulded P D M S cannot be reused. 
； / , 
Micro channel / / 
N . / / Inlet of water 
Gov^rgge / 
\ ^ ^ —、〜〜•、〜、」 Bubble Generation 
QNTs heater ‘ i X . .、〜〜-彳^ Transportation 
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Fig. 4-7: Conceptual illustration for the transportation of micro bubble generated by the CNT heater 
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Fig. 4-8: The parallel electrodes under the PDMS micro channel 
4.3 Experimental Procedure 
In the previous work, our group investigated the characteristics of micro bubble 
generation with C N T heating elements. Due to the high resistance of the CNTs 
deposited between the metal electrodes, we observed that the instantaneous power 
consumption for bubble generation was typically several tens of micro watt (<110 )aW) 
and the work integral for the micro bubble generation was around 0.3〜5mJ [1], 
Furthermore, as the current input was used to control the growth rate of the micro bubble, 
diameter control could also be achieved. W e found that when a micro bubble is 
generated, there will be an instantaneous power increase around the time of bubble 
generation. Since the input current is constant, the jump of power was in fact caused by 
an increase in the resistance based on the equation: P^f^R. It was noticed that the 
accumulation of redundant heat generated by the C N T heater might lead to the burnt out 
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of the heater itself. In this circumstance, the current input would be suspended for five 
seconds after the bubble generation during measurements in order to protect the C N T 
heater. 
Based on the investigation of the instantaneous power input and the work integral for 
micro bubble generation, we attempted to explore the relationship between the bubble 
diameter and the work integral for bubble growth by generating a micro bubble with a 
relatively large diameter using the C N T heater. The maximum diameter of the micro 
bubble we observed was nearly 400|Lim. However, the C N T heaters were easily burnt out 
after the diameter approached 150陣 because of the accumulation of redundant heat. 
During our experiments, only approximately 10 percent of the C N T heaters were able to 
generate large diameter bubbles successfully. 
To solve this problem, the micro channel device was designed to induce DI water to 
cool down the surface of the C N T heater, i.e. the micro channel with aqueous flow was 
used to protect the C N T heater from burning out after bubble generation. W e also found 
that the diameter growth and shrinkage of the micro bubble could be affected by the 
input current and the induced cool water. Using this method, the diameter could be 
controlled well to within a fairly stable range and the surface overheating of the C N T 
heater was avoided. 
If there is no flow in the micro channel during the natural cooling process, the 
diameter of a micro bubble took an average of 10.3s to decrease from 15阿 to 3|im. 
However, in the micro channel with low velocity aqueous flow (-0.03 m/s), the average 
time for the diameter to decrease from 25|im to 3\xm was 4.7s. Clearly, the micro 
channel method is more efficient for diameter control and exhibits a faster response. 
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The low velocity aqueous flow in the micro channel is useful in diameter control and 
cooling down of the micro heater, while a relatively high velocity flow (-0.1 m/s), on 
the other hand, could blow away the micro bubble from the micro heater and deliver the 
micro bubbles generated inside the micro channel to different locations along the micro 
channel. This transportation system can be potentially utilized in the applications that 
require micro scale movement and low power consumption. Furthermore, some other 
studies on improving micro bubble departure from the micro heater with low velocity 
flow will be presented. 
4.4 Experimental Results 
Three main points should be taken into consideration when we discuss and compare 
the bubble generation in a static water droplet and in a micro channel. Firstly, the 
evaporation of the water droplets in the static situation may limit bubble generation by 
interrupting the growth of the micro bubble, while the P D M S micro channel prevents 
water evaporation and prolongs the existent time of the bubble. In addition, the boundary 
conditions of static droplets are hard to determine due to evaporation and irregular 
hemispheric shape of the water droplets. However, the shape of the micro channel can 
help to obtain the boundary dimension and further simplify the temperature distribution 
simulation. Moreover, during the bubble generation process in the micro channel, we 
observed that although the instantaneous power consumptions in both situations were at 
- 5 5 -
the micro watt level, bubble generation using the micro channel still exhibited higher 
power consumption (〜200)uW) than that in the static droplet (〜90|aW). 
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Fig. 4-9: Time sequence photos of bubble generation, transportation and re-generation process, 1 � 3 : 
Bubble generation process; 4: The contact between the top of the bubble and the upper wall of the micro 
channel; 5 -7 : The micro bubble is pushed away by injected flow and shrinks; 8 � 9 : New bubble generation 
on the CNT heater 
In the introduction section, research on micro channels and micro bubbles is reported. 
If the micro bubble generated by ultra low power could be transported to various 
locations in the micro channel, it would be desirable for future applications such as the 
vessel delivery system in the biological field. In our transportation experiments, the 
micro channel was firstly filled with DI water. Then, a constant current was induced to 
generate micro bubbles with the C N T heater. After the diameter of the micro bubble 
reached a desired value, a high speed flow (-0.1 m/s) was injected by a syringe. Due to 
the high velocity of injected flow, the micro bubble would be unattached from the heater 
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and then be blown to a different location depending on the duration of the low velocity 
flow following the injected flow. 
The time sequence pictures in Fig. 4-9 shows a typical process of bubble growth, 
transportation and re-growth in the micro channel. The diameter of the micro bubble was 
controllable and the micro bubble transportation was feasible. Meanwhile, based on the 
phenomenon that the diameter of the micro bubble was able to increase and decrease 
repeatedly, the induced DI water could cool down the C N T heater's surface effectively. 
Also, in order to show the whole process of the old bubble's disappearance and new 
bubble's generation, the blown away bubble was kept near the micro heater (Fig. 4-9). 
Additionally we conducted synchronous analysis of the bubble generation video and 
resistance variation. The instantaneous power consumption of bubble generation was no 
more than 215]iW. For bubble generation both in the static water droplet and in the 
micro channel, a sudden increase of the resistance was observed. Furthermore, when the 
bubble was blown away by the injected flow, a sharp decrease in instantaneous power 
occurred (Fig. 4-10). W e believe that this decrease in the instantaneous power input was 
caused by the drop of the CNTs' resistance upon introduction of cool DI water. 
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Fig. 4-10: Instantaneous power input of various bubble generation and bubble departure 
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4.5 Conclusion for Bubble Generation in the Micro 
Channel with Dynamic Fluid 
The micro bubble generated on the C N T heater can be transported well in the micro 
channel, while the aqueous flow was used as the power source for the transportation of 
the micro bubbles in the micro channel. Furthermore, after the synchronous analysis of 
the bubble generation video and the instantaneous power variation, we found that the 
generation and departure of the micro bubble by aqueous flow would induce a sudden 
increase and then a sharp decrease of the CNTs' resistance. The instantaneous power 
input for bubble generation in the micro channel was no more than 275fiW, which is 
much smaller than micro heaters fabricated with other materials [1]. Based on our 
progress in implementing micro bubble transportation in the straight channel, we will 
work on a snake-shaped (zig-zag) micro channel; the bubble departure in an ultrasonic 
environment and the E G - C N T heater in future research. 
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CHAPTER FIVE 
CNT-BASED MICRO BUBBLE STIMULATION 
BY PULSED CURRENT 
Since the micro bubble could be pushed away by the injected flow successfully, a 
relatively low velocity flow (〜0.03m/s) is also used to drive the micro bubble in order to 
protect the sealing of the micro channel (i.e. the sealing of the micro channel to silicon 
wafer could not withstand high pressure flow well for a long time). But as stated 
previously, the micro bubble cannot be pushed away by low velocity flow (〜0.03m/s). 
The pulsed current input is then used to improve the departure of micro bubbles with 
low velocity flow. Meanwhile, the height of the micro channel increases from 70|im to 
250|Lim by which the volume limitation of micro bubble decreases correspondingly (i.e. 
the bubble can now grow to a larger diameter without coming into contact with the wall 
of the micro channel). 
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5.1 Attempt to Control the Micro Bubble Diameter 
After we performed bubble generation in the static droplet of water and micro bubble 
transportation in the micro channel available, we managed to control the diameter of the 
micro bubble under both conditions. This was because in the other groups' paper, we 
found that the diameter control for micro bubble could be applied as the micro bubble 
actuator, micro-pump and other applications. And during the bubble generation 
experiment with the C N T heating elements, we had observed that the power could be as 
small as the micro watt level due to high resistance. With ultra low power consumption, 
we supposed that the micro bubble generated by the C N T heater could be applied in bio-
applications. In this case, the growth and shrink properties of the low power generated 
micro bubble can be achieved well. 
After the diameter of the micro bubble grows to a desired value, the current input can 
be suspended. The shrink process happens in two different conditions. One is by natural 
cooling down in room temperature; the other is the mandatory cooling down using 
injected cool water in the micro channel. In this experiment, we observed that forced 
convection heat transfer could accelerate the shrink time for the micro bubble. 
Fig. 5-1 shows the experiment setup for shrink of micro bubbles by natural cooling. 
After the micro bubble is generated by the constant current, the power input is cut off. 
The bubble's diameter will decrease by natural cooling. Tables 2，3 and 4 note 11 cycles 
of the diameter's minimum and maximum values. W e took the average value as our 
experimental results. 
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Fig. 5-1: Shrinking of the micro bubble by natural cooling 
Cycle Current Diameter of Average of start Time(s) Growth Shririk Average 
No. condition the diameter(uin) Time(s) Time(s) growth 
bubble(iim) time(s) 
1 Start ^ 5.181818182 5.83 1.27 1.114545455 
stop 15 Average of stop 7.1 11.94 Average 
diameter<um) shrink 
time(s) 
2 Start 5 13.2727272 19.04 0.8 10.443 
stop ^ 
3 Start 5 29.39 1.22 
^ ^ 30^ 
4 Start 4 43.12 1.2 
^ n llAA 
5 Start 5 56.46 1.07 
^ IQ 57^ ^ 
6 Start 5 61.69 0.67 
stop n 62.36 j ^ j j 
7 Start 5 73.47 0.8 
stop n 74.27 9_[ 
8 Start 4 83.37 0.98 
stop 10 84.35 6.16 
9 Start 5 90.51 1.07 
stop ^ 1 3 ^ 
10 Start 5 104.85 1.02 
"^op ^ 105.87 
11 Start 4 120.36 2.16 
stop 122.52 
Table 2: The time consumption of increase and decrease for micro bubbles by natural cooling (diameter 
r ange :�4 | im to ~15(im) 
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Diameter of Average of Time(s) Growth Shrink Average 
thebubble(um) start Time(s) Time(s) shrink time (s) 
diameteiXum) 
0 ^ 55.93 0.4 3.504444444 
T ^ 56.33 ^ 
0 Average of 61.68 0.34 Average 
stop growth 
diameter(um) tiine(s) 
9 8.8 62.02 ^ 0.444 
『 66.51 
T 68.^ ^ 
0 70.59 0_26 
Z 70.85 
� 74.55 0J7 
7 74.82 “ 
cT 77.04 
77.31 134 
iT 80.65 ^ 
� 80.85 
o" 84.75 ^ 
i F 85.02 ^ 
r 87. s T ^ 
� 87.98 
� 91.64 ^ 
8 — 91.91 
Table 3: The time consumption of increase and decrease for micro bubbles in the micro channel by 
injected water (diameter r a n g e : � 0 ) i m to 
5.2 The Pulsed Current for Micro Bubble Departure in 
the Micro Channel 
The diameter of the micro bubble can be controlled well in a static droplet of water 
with slow response and in the micro channel with rapid response. Then the experiment 
was focused on micro bubble departure control. As stated, in order to prevent micro 
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channel leakage (i.e. the irreversible sealing between the silicon substrate and the P D M S 
could withstand high pressure, but after a long duration under high velocity flow, there 
will be some leakage at the edge of the connection), low velocity flow is used. Also high 
velocity flow may destroy the contact between the C N T s and the metal electrodes. 
However, the low velocity flow may cause another problem in that the micro bubble 
only varies its diameter. The horizontal force is not large enough to push away the micro 
bubble from the micro heater. 
In the experiment of micro bubble diameter control, we observed an interesting 
phenomenon in that the turning on and off of the switch of the circuit may cause the 
bubble to undergo minute shaking. This shaking movement causes the micro bubble 
instability which makes the departure of the micro bubble from the micro heater more 
convenient. 
5.2.1 Manual Pulsed Current Stimulation for Micro Bubble 
Departure in the Micro Channel 
Before we knew the details of the relationship between the properties of the current 
(i.e. frequency, magnitude, AC/DC and duty cycle) and the bubble shake response, we 
used manual control to switch the current from the constant current input to the pulsed 
current. Also the timing and the width of the pulsed current is controlled manually. Fig. 
5-2 presents the circuit layout, Fig. 5-3 shows the record of the manual pulsed current 
input and Fig. 5-4 presents the bubble departure process with a 45。angle shoot. 
For the circuit layout, in order to protect the C N T heater from burning out, a 
protective resistor is placed in parallel to the C N T heater. The connection can be 
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switched from the C N T heater to the protective resistor. W h e n the diameter of the micro 
bubble grows to 70um, the connection is switched to the protective resistor. W e 
observed that the micro bubble will depart from the micro heater due to the stimulation 
from the pulsed current input. 








Fig. 5-2: The manual control circuit for micro bubble departure with a protective resistor 
Using the spring switch between the two ports of the circuit, the contact of the wire 
port and the C N T heater can be shortened to a minimum of 50ms, by which the C N T 
heater can be protected from overheating. As stated in the introduction section, the 
manual switch could only be used to provide a rough pulsed current value. After the 
basic necessary requirements are collected, the automated pulsed circuit will be 
presented in the next section. 
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Fig. 5-3: The current diagram of the manual control circuit 
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Fig. 5-4: Micro bubble departure with a 45° angle shoot (the upper bubble is the real micro bubble 
whereas the lower one is the reflected fake bubble by the silicon) 
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5.2.2 The Pulsed Current Circuit for Micro Bubble 
Departure in the Micro Channel 
In the bubble departure experiment, a pulse circuit was built to generate various 
pulsed current inputs. For the circuit part, a signal generator was used to provide signals 
of different frequency, width of the pulse and offset of the current value to the ground. A 
source meter was used to provide and determine the value of the constant current supply. 
In a word, the magnitude of the input current is determined by the source meter, while 
the frequency, the duty cycle, etc. of the pulse are determined by the signal generator 
(Fig. 5-5, Fig. 5-6 and Fig. 5-7). 
嚇 i_if龜 
I•酵 
f i r 痛 勸 薩 • 漏 • 
Fig. 5-5: The pulse circuit 
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Fig. 5-6: Schematic diagram of the experimental setup 
Fig. 5-7: The experimental layout in the lab for the pulse circuit 
From Fig. 5-8, the pulsed current is switched manually when we observed that the 
micro bubble had grown to a desired diameter. The micro bubble had a shake response 
under the pulsed current during its growth (Fig. 5-9). When the diameter of the micro 
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bubble is small (e.g. 20|j,m), the shake induces a minute shift in the position of the micro 
bubble in static water. As the micro bubble's diameter increases, the effect of the shake 
becomes more significant and obvious. Eventually, the micro bubble will depart from 
the micro heater due to a small horizontal force. In the micro channel transportation 
experiments, the bubble of a relatively small diameter (50|im) can be pushed away well 
by the low velocity flow (〜0.03m/s) using pulsed current input. 
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Fig. 5-8: The manual pulsed current input for bubble departure 
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Fig. 5-9: The shake response of the micro bubble by pulsed current input in static water 
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CHAPTER SIX 
FUTURE WORK AND SUMMARY 
6.1 Future Work for Micro Bubble Generation Projects 
After two years of research on micro bubble generation with C N T heating elements, 
we found that CNTs, a unique nano material with high conductive characteristics, can be 
used well in micro scale heat generation and micro scaled heat transfer. 
At present, CNT-based micro bubble generation can be achieved in a static droplet of 
water and in the micro channel successfully. N o w in the next step, new experimental 
environments and experiment designs will be introduced into our applications. 
6.1.1 The CNT-Based Micro Bubble Generation with 
Various Values of Input Current 
From previous research, we have summarized a regulation between the work integral 
for micro bubble generation and the initial resistance. In order to protect the micro heater 
from burning out, we chose a relatively small current input, but initially we did not have 
enough experience to determine how much current was the proper value. Also the initial 
resistance of the micro heater was random since the attachment of the CNTs to the metal 
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heater was governed by the D E P force. The initial resistance of the C N T heater ranged 
from hundreds to thousands of kilo Ohms. Experiments with similar initial resistances 
can only be carried out when many samples have been fabricated. 
Next C N T heaters with similar resistance will be used. By ensuring security under the 
premise, the samples will have added to them various current inputs. For instance, if we 
have 5 samples with nearly 400k0hms resistance, 5 different current inputs (e.g. lua, 
Sua, Sua, 15ua and 30ua) will be used to generate thermal bubbles. Based on P=/xFand 
W=ZP, the work integral can be calculated by synchronous records of the time 
consumed. 
From the work integral log curve, the logarithm decrease relationship can be 
observed by the same current but various initial resistances. Furthermore, the work 
integral for bubble generation with similar resistance but different current inputs will be 
taken for comparison with previous research. 
6.1.2 The CNT Heater in the Zig-Zag Micro Channel 
For micro bubble transportation in the straight micro channel, we have observed that 
the thermal bubble can be delivered to a different location along the micro channel. Due 
to the length limitation of the micro channel on the silicon wafer, the micro bubble could 
only be delivered in the channel about 2-3 inches away. 
A zig-zag channel will be designed for the next step experiment. The snake-shaped 
channel could help to solve the limitation of length, by which micro bubble 
transportation could be achieved over a longer distance. 
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6.1.3 Summary 
After improving the fabrication process from our prior work, the bubble generation 
on C N T heaters can now be very repeatable and requires less input energy. With 
experimental analysis, the power consumption is controlled to be under 113|iW and 
work input is around 0.3〜5mJ. Also, from the work integral curve, the larger the 
resistance, the lower the work integral observed. 
The micro bubble generated on the C N T heater can be transported well in the micro 
channel, while the aqueous flow can be used as the power source for the transportation 
of the micro bubble in the micro channel. Furthermore, after the synchronous analysis of 
video records and the instantaneous power variation, we observed that micro bubble 
generation and micro bubble departure by aqueous flow will induce a sudden increase 
and decrease of the CNTs' resistance. The instantaneous power input for bubble 
generation in the micro channel is below 275|iW which is much smaller than micro 
heaters made of other materials. 
This dissertation has demonstrated that CNT-based micro bubble generation can be 
performed in a static droplet of water with ultra low instantaneous power consumption. 
Based on the aqueous flow in the micro channel, micro bubble transportation can be 
implemented well. In the future, a snake-shaped (zig-zag) micro channel, bubble 
departure in an ultrasonic environment and E N G - C N T heater will be the future work in 
this project. 
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APPENDIX A 
Fabrication Process 
I. Micro Electrode Fabrication 
1. Lift Off Process of Micro Electrode Fabrication 
L Photolithography 
• Photo resistant spin on the silicon substrate: SOOrpm, 9sec; 3000rpm, 
30sec 
• Baking: 40sec 
• U V exposure: 40sec with mask 
• Baking: 120。C; 40sec 
• U V exposure: 40sec without mask 
• Develop: develop the pattern by A Z 5214 with Imin 
a. E-beam fabrication 
• Chrome deposition: Current: 0.7A; Forward Voltage: 2200V; Thickness: 
500A 
• Gold deposition: Current: 0.9A; Forward Voltage: 3000V; Thickness: 
3000A 
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Hi. Substrate post-processing 
• Acetone wash: lOmin; Di rinses: 2min; Blow dry 
2. Non-Lift Lift Off Process of Micro Electrode Fabrication 
L E-beam fabrication 
• Chrome deposition: Current: 0.7A; Forward Voltage: 2200V; Thickness: 
500A 
• Gold deposition: Current: 0.9A; Forward Voltage: 3000V; Thickness: 
3000A 
ii. Photolithography 
• Photo resistant spin on the silicon substrate: SOOrpm, 9sec; 3000rpm, 
30sec 
• Baking: 70'C; 60sec 
• U V exposure: 150sec with mask 
• Develop: develop the pattern by A Z 5214 with Imin 
in. Etching 
• Gold etching: KI:l2:DI of 10g:2.5g:200ml for 2 min 
• Chrome etching: Chrome etchant 
/v. Substrate post-processing 
• Acetone wash: Imin; Di rinses: 2min; Blow dry 
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II. Micro Channel Fabrication 
1. Process for Making SU-8 Master 
1. PMMA substrate cleaning 
• Dip in IPA: 2min 
• DI rinses: 2min; Blow away 
ii. Photolithography of the mask 
• Dispense SU-8 (2075) resist on a 3cmx3cm substrate 
• Spin on the resistance: 500rpm, 15 sec; SOOOrpm, 60 sec 
• Soft baking: 80°C, 30min 
• U V exposure: 90sec with mask 
• Post-exposure baking: 50°C, 20min 
• Develop in SU-8 developer: 3min 
• Rinse with IPA; blow dry 
2. Sealing of the Micro channel 
• Exposure: O2 plasma for 20 sec at 60W 
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